Recent work at 3M has focused on the development of solvent cast proton exchange membranes (PEM's) for use in PEM fuel cells. These new membranes are a perfluorinated sulfonic acids based on a low molecular weight perfluorinated monomer and they exhibit excellent mechanical properties and chemical stability and high ionic conductivity. The low molecular weight of the monomer allows membranes with equivalent weight as low as 800 g/mole to have good mechanical properties when hydrated. Stabilizing additives in these membranes have been shown to improve the oxidative stability in Fenton's tests.
The Development of New Membranes for Proton Exchange Membrane Fuel Cells
Recent work at 3M has focused on the development of solvent cast proton exchange membranes (PEM's) for use in PEM fuel cells. These new membranes are a perfluorinated sulfonic acids based on a low molecular weight perfluorinated monomer and they exhibit excellent mechanical properties and chemical stability and high ionic conductivity. The low molecular weight of the monomer allows membranes with equivalent weight as low as 800 g/mole to have good mechanical properties when hydrated. Stabilizing additives in these membranes have been shown to improve the oxidative stability in Fenton's tests. Physical property, conductivity and fuel cell tests have been performed. When incorporated into membrane electrode assemblies, these new membranes have provided excellent performance and a greater than 15-fold increase in durability under accelerated fuel cell test conditions, compared with similar commercial PEM's.
Introduction
The development and commercialization of affordable hydrogen fuel cells are necessary for the realization of a hydrogen-based economy. Proton exchange membrane fuel cells (PEMFC's) represent a promising technology for automotive, small stationary and portable power applications. While many breakthroughs have been made over the last few years in the area of PEMFC's, technical and economic barriers to their commercialization still exist (1) . A key area where improvements are still needed is that of system durability. The lifetime targets for PEMFC's used in stationary power applications are 40,000 hours or more. Membrane electrode assemblies (MEA's) available today have not achieved these durability targets. Target lifetimes in automotive applications are lower, 5,000 to 7,000 hours, but the automotive system requirements demand higher stack temperatures and lower humidification levels for the incoming gasses. These operating conditions increase the rate of membrane degradation and MEA failure, and these targets have also not been met. One of the primary factors limiting fuel cell lifetimes is the chemical and mechanical stability of the membrane.
The primary source of chemical degradation of perfluorosulfonic acid (PFSA) membrane in an operating fuel cell is thought to be attack by hydrogen peroxide or related species generated at the electrodes, but the exact mechanism of chemical degradation remains an area of continued uncertainty and investigation (2, 3) . In one generally accepted degradation mechanism, the primary pathway involves hydroxyl radicals, generated by the decomposition of hydrogen peroxide, attacking the carboxlate end groups of the polymer, generating carbon dioxide, and "unzipping" the polymer chain one carbon atom at a time. This mechanism is shown in Figure 1 . Recent work has suggested that there may be other, perhaps secondary, pathways by which hydrogen peroxide generated radicals may attack the ionomer (4).
In an attempt to avoid oxidative degradation of membrane polymers, it has been suggested that peroxide decomposition agents could be helpful (5) . The rationale for their addition includes the idea that they provide a decomposition pathway for hydrogen peroxide that would reduce the overall concentration in the cell. Perhaps more importantly, a benign hydrogen peroxide decomposition pathway could reduce the formation of other more reactive species (e.g., radicals). Along this line of reasoning, many classes of candidate additives have been proposed (5, 6) . Addition of transition metals or metal oxides to PFSA membranes has been shown to stabilize the membrane towards the attack of radicals generated in Fenton's reagent. These additives also increase the lifetime of MEA's made from these membranes in accelerated durability tests (7) .
This transactions article describes the results of chemical and mechanical studies on new PFSA membranes developed at 3M, and the results of fuel cell tests for performance and durability.
Experimental

MV4S
Monomer Preparation 1,4-Butane sultone was electrochemically fluorinated in HF to give 4-(fluorosulfonyl)hexafluorobutyryl fluoride, FSO 2 (CF 2 ) 3 COF (8). In the coupling reaction, 4-(fluorosulfonyl) hexafluorobutyryl fluoride, FSO 2 (CF 2 ) 3 COF reacts with hexafluoropropylene oxide in diglyme with potassium fluoride to give perfluoro-4-(fluorosulfonyl)butoxypropionyl fluoride along with a small quantity of a higher boiling material that had an additional hexafluoropropylene oxide unit. The final monomer was produced from the reaction of perfluoro-4-(fluorosulfonyl)butoxypropionyl fluoride with sodium carbonate in glyme at 70ºC to make the sodium salt of the acid, removing glyme under vacuum and heating the dried salt to 165ºC to break vacuum with the carbon dioxide byproduct and continuing to heat up to 182ºC to isolate perfluoro-4-(fluorosulfonyl)butoxyvinyl ether (MV4S). Polymerization A typical polymerization recipe is as follows: A polymerization kettle equipped with an impeller agitator system was charged with de-ionized water . In four subsequent cycles, the kettle was degassed and subsequently charged with nitrogen to assure that all oxygen has been removed. Simultaneously the kettle was heated to 60ºC and the agitation system is set to 320 rpm. A 97:3 mixture of MV4S and LiOH.H 2 O (as 10 % solution in water) was pre-emulsified into water under high shear by an Ultraturrax agitator (24,000 rpm). Afterwards a portion of the pre-emulsion was charged into the reaction kettle. The kettle was further charged with tetrafluoroethylene (TFE) to 8 bar absolute reaction pressure. The polymerization was initiated by sodium disulfite and ammonium peroxodisulfate (dissolved in water). As the reaction started, the reaction temperature of 60ºC as well as the reaction pressure of 8.0 bars absolute was maintained by feeding TFE into the gas phase. The remaining MV4S-preemulsion was fed into the liquid phase. After feeding TFE for 331 minutes, the monomer feed was interrupted and the monomer valve was closed. The monomer gas phase was reacted down to a kettle pressure of 3 bars. Subsequently the reactor was vented and flushed with nitrogen gas. The obtained polymer dispersion had a solid content of 33.9 % and a pH of 3; it consisted of latex particles having 99 nm in diameter according to dynamic light scattering. The polymer was freeze coagulated and washed with de-mineralized water in four cycles. The raw material was dried for 15 h at 130ºC and then for 3 h under vacuum at the same temperature. The obtained polymer showed a chemical composition of 88.4 mol % TFE and 11.6 mol % MV4S, as obtained by IR-spectroscopy.
Membrane preparation
The raw polymer was formed into a polymer electrolyte membrane as follows. In a typical example, the polymer is hydrolyzed and dispersed simultaneously by mixing with LiOH and water at 250ºC for 2 hours in a stirred pressure vessel, converting the SO 2 F groups into SO 3 -M + groups. The lithium salt form of the polymer, dispersed in water at 15-20% solids, is then passed through an ion exchange column, to provide the SO 3 H form of the polymer. N-propanol cosolvent is added, and a water/n-propanol azeotrope is removed by a rotary evaporator to provide a casting solution which is about 50-80% alcohol and has a viscosity in a range from 300-2000cP. For selected membrane samples manganese nitrate, in the form of a 50 wt% aqueous solution, was added to the casting solution with stirring. Typically, the membrane is cast using a coating rod onto a tensioned liner and then dried in a force air oven at 80ºC to 120ºC followed by annealing at above 150ºC for 10 minutes.
Ex situ Oxidative Degradation Test 1 Samples for accelerated degradation testing were prepared as follows: films were cut into 5 cm 2 samples with a die. They were then boiled in water for ½ hour, dried at 100ºC, measured and weighed. The samples were then heated to 70ºC in 100 ml of a solution of 30% hydrogen peroxide for 2-3 weeks. In these experiments, 60 ppm iron (based on membrane wt.), in the form of an iron sulfate solution, were added to the peroxide solution. The peroxide solution was replaced every three days (one cycle) to keep the peroxide concentration somewhat constant. The used solution was analyzed for fluoride ion and by HPLC/MS for any fluorocarbon decomposition products. Samples of the used hydrogen peroxide solution were analyzed by diluting 1:10 with water and adding 1ml of TISAB II (an acetic acid/sodium acetate buffer solution) per 50mL of sample. The fluoride ion concentration was then determined with a Denver Instruments model 250 conductivity/pH meter equipped with a fluoride probe. The HPLC/ESI-MS analyses were carried out using an Agilent LC/MSD high performance liquid chromatography/mass spectrometry system. The LC/MSD was operated with an electrospray ionization source in the negative ionization mode. The probe was maintained at 4 kv at a temperature of 285 o C. The data were acquired by full scan over a mass range of 200 -400 Daltons. The chromatography was provided using a 2mm x 125 mm ACE 3 column. The mobile phase was a gradient of water/acetonitrile.
Ex situ Oxidative Degradation Test 2
In this test the membrane was doped with iron (500 ppm by weight Fe in the final membrane, added as ferric nitrate to the membrane casting dispersion) and then exposed ECS Transactions, 11 (1) 3-14 (2007) to a 1 M solution of hydrogen peroxide. A control membrane sample included only the iron addition, while a test membrane sample included both the iron and a stabilizing additive. A sample of each membrane weighing approximately 0.03-0.06 g was weighed and then immersed in 50 g of hydrogen peroxide solution in a glass jar. The jar was sealed and placed in an oven at 90-95°C. for 5 days. After the 5-day soak period, the sample was removed from solution, rinsed with DI water, dried at room temperature for at least three hours, and weighed again. Weight loss during the soak is taken as an indication of oxidative degradation of the polymer.
Dynamic Mechanical Analysis (DMA) The elastic modulus of membrane films were measured in tension using Rheometrics Solid Analyzer (RSA II) at a frequency of 6.28 rad/sec (1 hz). A strip of the samples ranging from 0.032 to 0.038 mm thickness, 6.5 mm width and 27 mm length was mounted in the clamps and tightened. In oscillatory mode, a periodic strain of predetermined amplitude and frequency is applied to the sample, and the stress response of the material is measured. The elastic modulus, E' and the loss modulus, E" were obtained. In physical terms, E' is a measure of elasticity of the material and E" is a measure of the viscous component of the material. The alpha transition temperature (T α ) was obtained at the maximum peak of the ratio of E"/E', or tan delta.
Conductivity
Membrane conductivity was measured under various conditions by using a BekkTech 4 point probe conductivity cell mounted in a Fuel Cell Technologies 50 cm 2 fuel cell. The conductivity cell was electrically connected to a potentiostat (Model 273, Princeton Applied Research) and an Impedance/Gain Phase Analyzer (SI 1260, Schlumberger). The samples were first conditioned in the cell for 5 hours at 80ºC. AC impedance measurements were then performed using Zplot and Zview software (Scribner Associates). Ceramic heaters were used to control cell temperature, a HPLC pump to control water flow and a mass flow controller to control air flow into the cell. For comparisons the membranes were tested by maintaining a constant 80ºC dew point. resistance was then measured at cell temperatures of 80ºC, 90ºC, 100ºC, 110ºC and 120ºC.
MEA Preparation
Fuel Cell MEA's were prepared using a Pt on carbon dispersed catalyst with 0.4 mg Pt loading on both anode and cathode. Membranes were laminated with decal catalyst to form a 50 cm 2 Catalyst Coated Membrane (CCM). Lamination was done with a heated nip at 240°F. A flexible carbon paper GDL was bonded to the CCM to form an MEA. All MEA's were bonded together in a hot press at 270°F and 3000lbs for 10 min.
Fuel Cell Testing Fuel cell testing was performed on a Fuel Cell Technologies test station with a 50 cm 2 fuel cell equipped with graphite quad serpentine flow fields. MEA's were run under coflow conditions in hydrogen and air reactants. For the durability tests, MEA's were run until the opened circuit voltage dipped below 800 mV with an anode overpressure of 7 psi. , 11 (1) 3-14 (2007) ) unless CC License in place (see abstract). ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 54.70.40.11 Downloaded on 2017-10-24 to IP Figure 2 shows the process used to synthesize the MV4S monomer. This process avoids the more common method of starting with tetrafluoroethylene (TFE) and instead uses the electrochemical fluorination of an organic feed to get the perfluorinated sulfonyl fluoride-acid fluoride precursor. This compound is then coupled with hexafluoropropene oxide and decarboxylated to give the perfluorinated monomer which is copolymerized with TFE to give the sulfonyl fluoride form of the polymer. This polymer is then hydrolyzed, acidified and processed into an ionomer membrane.
ECS Transactions
Results and Discussion
The structure of the ionomer is shown in Figure 3 . The polymer side chain is a lower MW than other ionomers often used, such as DuPont's Nafion™ ionomer. The mechanical integrity of PFSA membranes rely heavily on crystallinity formed by short TFE segments along the polymer backbone (9) . Since a minimum amount of TFE in the backbone is required for crystallization, for a given MW side chain, there is a minimum equivalent weight (EW) or ion exchange capacity at which crystals can form, and below this threshold the polymer will be quite weak. At any given EW, polymers with a lower MW side chain will have more TFE in the backbone, leading to a higher level of crystallinity and improved mechanical properties. We have found that these new polymers have adequate crystallinity to maintain good mechanical properties when hydrated with EW's down to ca. 800 g/mole. At EW's above 800, the membranes can be boiled for extended periods and still remain good, strong films. At EW's approaching 700, the boiled membranes become quite weak and tear easily, although they do not dissolve. Figure 4 shows DMA of two 30 micron cast membranes, a membrane made from the 3M ionomer and a Nafion™ membrane as a control. Both are nominally 1,000 EW. The tan delta peak indicates the position of the alpha (Tα) transition of the ionomer, the transition associated with weakening of the electrostatic interactions within the ionic aggregates (10) . The position of this transition is about 125ºC for the 3M ionomer, about 25ºC higher than for the Nafion™ membrane. In addition, the storage modulus for the 3M membrane is higher both above and below the Tα. The increased Tα of this polymer should allow higher use temperatures, and the increase modulus may also prevent membrane deformation or creep and possibly increase MEA lifetime during fuel cell operation.
The chemical stability of the membrane is vital in the oxidizing environment of a PEM fuel cell. As one approach to evaluate the stability of PFSA membranes towards oxidative degradation, and to identify potentially useful PFSA membrane additives for improving MEA lifetime is exposure to Fenton's reagent. Membranes with a range of EW's were subjected to the Ex-Situ Oxidative Degradation Test 1 described above. The results of fluoride analysis on the spent solutions are shown in Figure 5 . While the first cycle shows high variability, subsequent cycles indicate no correlation between EW and oxidative stability. Samples of the spent solutions were also analyzed by HPLC/MS for larger decomposition products. The sole product identified had a mass of 275 Daltons, consistent with the structure HO 2 CCF 2 CF 2 CF 2 SO 3 H. This structure corresponds to cleavage of the polymer side chain between the polymer backbone and the attached oxygen, followed by hydrolysis. The observation of the species is consistent with the mechanism shown in Figure 1 , and with similar observations made on the degradation of Nafion™ polymers in Fenton's testing (11) . It is worth noting that smaller fragments, indicating further decomposition of the primary degradation product were not seen, even though such species have been seen in effluent water coming from fuel cells. One possible explanation for this observation is that the added iron is probably tightly bound to the ionic groups in the membrane, and this water soluble species presumably dissolves into the bulk of peroxide solution. In the absence of iron, the degradation rate of this compound in peroxide is likely very slow and it does not undergo further reaction during the time period of this experiment.
The Ex-Situ Oxidative Degradation Test 2 was used to study the stabilizing effect of adding a soluble manganese salt to 3M polymer membrane casting dispersions. In tests without a controlled addition of iron to the membrane, soaking the membrane in hydrogen peroxide alone led to variable results from batch to batch, and to very little weight loss (e.g., <1%) so iron (500 ppm based on final membrane weight) was added to the membrane solution before casting. This provided a uniform iron concentration in the samples and a high, controlled amount of weight loss. The addition of 0.02 moles Mn 2+ per mole -SO 3 H (4% of the acid groups converted) to these high iron membranes reduced the membrane weight loss by half, from 14% to 7% in this test.
The result of conductivity measurements on a range of EW's is shown in Figure 6 . In this 4 point probe experiment, the dew point of the incoming gas is kept at 80ºC and the cell temperature is increased from 80ºC to 120ºC in increments of 10ºC. At 120ºC the conditions have become quite aggressive, with the dew point of the gas having dropped below 25% RH. The conductivity increases with decreasing EW, as expected, and at 120ºC the conductivity of the 730 EW sample is about 25 mS/cm, about 2.5 times higher than that of the 1,000 EW sample. While these conductivity differences between the different EW samples appear somewhat uniform over this temperature range, the potential impact on fuel cell performance may not be. In Figure 7 , the same data shown in Figure 6 is presented to show the calculated performance lose of a fuel cell operating at 0.6 A/cm 2 which is due only to the ohmic losses caused by the increasing cell temperature. At 80ºC, the voltage loss due to the membrane resistance is small, about 10 mV, and the difference between the different EW's is small, about 4 mV. As the temperature rises the impact of the resistance increase grows and at 120ºC, the resistance of the 1,000 EW ionomer accounts for a performance loss of about 160 mV compared to the fully humidified samples at 70ºC. The 730 EW sample fairs better, but still looses about 80 mV.
Membrane electrode assemblies made using these membranes have been tested for both fuel cell performance and durability. Figure 8 shows the voltage at 0.6 A/cm 2 of MEA's run with H 2 /air at 70ºC with full humidified inlet gasses. These MEA's, made with membranes ranging from 700 to 1,000 EW, show little difference in performance. Figure 9 shows the same MEA's running at 0.5 A/cm2, 90ºC cell temperature and 30% RH. Now the membrane EW has a pronounced effect on performance, with a 75 mV difference in performance between 700 and 1,000 EW samples. It should be noted that these samples were made with electrodes prepared with 1,100 EW ionomer and were not optimized for higher temperature operation.
MEA's were tested for durability using a 10 cell accelerated durability test fixture and protocol described previously (12). In this test, the 50 cm 2 MEA's are run on H 2 /air, spend similar time periods at OCV, 0.25 A/cm 2 and 0.5 A/cm 2 . The cells are kept at 90ºC, 44% RH inlet gasses and 7/0 psig on the anode and cathode respectively. Cells were run until the OCV dropped below 800 mV. Figure 10 shows the lifetimes of MEA's made using a cast, 30 micron 3M membrane (combined data for 1,000 and 800 EW) compared to cells using extruded, Nafion™ 112 membranes. In this test the 3M membrane provides an 18-fold increase in lifetime compared to the control. We have also analyzed the amount of fluoride in the effluent water coming from an operating fuel cell. Figure  11 shows the fluoride release rate comparing the two membranes tested above. The fluoride levels for the 3M membrane are nearly two orders of magnitude lower than those of the control.
Conclusions
A new PFSA ionomer was prepared and converted into cast PFSA membranes. These membranes were shown to have a higher Tα and a higher storage modulus compared to Nafion™ membranes with the same EW. These membranes have been made in EW's from 1,100 to 700 and membranes with EW's of 800 and above maintain good mechanical properties and remain easy to handle when full hydrated. The stability of the membranes in Fenton's reagent is independent of EW and the addition of the manganese ions can cut the rate of degradation by half. In fuel cell tests, the lower EW membranes provide higher conductivity and lower cell resistance, and increase performance at lower humidity levels. The fluoride release rates of fuel cells running with these membranes are significantly lower than control samples, and lifetimes in accelerated durability test are increased more than 15 fold. Figure 3 . Structure of a commercially available ionomer and the new 3M ionomer. 
